
Clinical and Translational Radiation Oncology 14 (2019) 25–32
Contents lists available at ScienceDirect

Clinical and Translational Radiation Oncology

journal homepage: www.elsevier .com/locate /c t ro
Original Research Article
Determining RBE for development of lung fibrosis induced by
fractionated irradiation with carbon ions utilizing fibrosis index and
high-LET BED model
https://doi.org/10.1016/j.ctro.2018.10.005
2405-6308/� 2018 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: RBE, relative biological effectiveness; LET, linear energy transfer; BED, biologically effective dose; CT, computed tomography; RILF, Radiation-indu
fibrosis; RP, radiation pneumonitis; NSCLC, non-small cell lung cancer; SBRT or SABR, hypofractionated stereotactic body or ablative radiation therapy; V5, volum
receiving �5 Gy (RBE); PMMA, Polymethylmethacrylat; FI, fibrosis index; HU, Hounsfield unit; CPFE, combined pulmonary fibrosis and emphysema syndro
alpha/beta ratio; LQ model, linear quadratic model.
⇑ Corresponding authors at: Translational Radiation Oncology, National Center for Tumor Diseases (NCT) and German Cancer Research Center (DKFZ), INF 460, He

69120, Germany.
E-mail addresses: c.zhou@dkfz.de (C. Zhou), a.amir@dkfz.de (A. Abdollahi).
Cheng Zhou a,b,c,d,⇑, Bleddyn Jones e, Mahmoud Moustafa b,c,d,f, Bing Yang g, Stephan Brons c, Liji Cao h,
Ying Dai b,c,d,i, Christian Schwager b,c,d, Ming Chen j, Oliver Jaekel c,d,k, Longhua Chen a, Juergen Debus b,c,d,
Amir Abdollahi b,c,d,⇑
aDepartment of Radiation Oncology, Nanfang Hospital, Southern Medical University, Guangzhou, China
bGerman Cancer Consortium (DKTK), Translational Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany
cHeidelberg Ion-Beam Therapy Centre (HIT), Department of Radiation Oncology, University of Heidelberg Medical School, Heidelberg, Germany
dHeidelberg Institute of Radiation Oncology (HIRO), National Center for Radiation Research in Oncology (NCRO), Heidelberg, Germany
eGray Laboratory, CRUK/MRC Oxford Oncology Institute, Radiation Oncology, University of Oxford, Oxford, UK
fDepartment of Clinical Pathology, Suez Canal University, Ismailia, Egypt
g Physics Institute University of Heidelberg, Heidelberg, Germany
hDivision of Medical Physics in Radiology, German Cancer Research Center (DKFZ), Heidelberg, Germany
iDepartment of Oncology, the 1st Affiliated Hospital of Anhui Medical University, Hefei, China
j Zhejiang Key Lab of Radiation Oncology, Zhejiang Cancer Hospital, Hangzhou, China
kDivision for Medical Physics in Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany

a r t i c l e i n f o
Article history:
Received 31 October 2018
Accepted 31 October 2018
Available online 2 November 2018

Keywords:
Relative biological effectiveness (RBE)
Carbon ion radiotherapy (CIRT)
Lung fibrosis
Fractionation
High-linear energy transfer (high-LET)
Biologically effective dose (BED)
Normal tissue response
a b s t r a c t

Background and purposes: Carbon ion radiotherapy (CIRT) with raster scanning technology is a promising
treatment for lung cancer and thoracic malignancies. Determining normal tissue tolerance of organs at
risk is of utmost importance for the success of CIRT. Here we report the relative biological effectiveness
(RBE) of CIRT as a function of dose and fractionation for development of pulmonary fibrosis using well
established fibrosis index (FI) model.
Materials and Methods: Dose series of fractionated clinical quality CIRT versus conventional photon irra-
diation to the whole thorax were compared in C57BL6 mice. Quantitative assessment of pulmonary fibro-
sis was performed by applying the FI to computed tomography (CT) data acquired 24-weeks post
irradiation. RBE was calculated as the ratio of photon to CIRT dose required for the same level of FI.
Further RBE predictions were performed using the derived equation from high-linear energy transfer bio-
logically effective dose (high-LET BED) model.
Results: The averaged lung fibrosis RBE of 5-fraction CIRT schedule was determined as 2.75 ± 0.55. The
RBE estimate at the half maximum effective dose (RBEED50) was estimated at 2.82 for clinically relevant
fractional sizes of 1–6 Gy. At the same dose range, an RBE value of 2.81 ± 0.40 was predicted by the high-
LET BED model. The converted biologically effective dose (BED) of CIRT for induction of half maximum FI
(BEDED50) was identified to be 58.12 Gy3.95. In accordance, an estimated RBE of 2.88 was obtained at the
BEDED50 level. The LQ model radiosensitivity parameters for 5-fraction was obtained as
aH = 0.3030 ± 0.0037 Gy�1 and bH = 0.0056 ± 0.0007 Gy�2.
Conclusion: This is the first report of RBE estimation for CIRT with the endpoint of pulmonary fibrosis in-
vivo. We proposed in present study a novel way to mathematically modeling RBE by integrating RBEmax
ced lung
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and a/bL based on conventional high-LET BED conception. This model well predicted RBE in the clinically
relevant dose range but is sensitive to the uncertainties of a/b estimates from the reference photon irra-
diation (a/bL). These findings will assist to eliminate current uncertainties in prediction of CIRT induced
normal tissue complications and builds a solid foundation for development of more accurate in-vivo data
driven RBE estimates.

� 2018 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Charged particle therapy has emerged as a promising treatment
for a growing number of malignancies [1–3]. This field is rapidly
growing and a number of heavy ions therapy facilities are expected
to be installed worldwide [4]. Owing to the physical and radiobio-
logical advantageous, carbon ion radiotherapy (CIRT) is particularly
appealing for treating radio-resistant, hypoxic cancers [5], i.e.,
non-small cell lung cancer (NSCLC) [6,7]. For early stage NSCLC,
Miyamoto et al. reported a 5-year local control (LC) rate and overall
survival (OS) of 50.0% and 94.7% following a hypofractionated reg-
imen of CIRT [8]; a 5-year LC and OS of 90% and 45% by a 1-week
regimen [9], and of 95.8% and 30.7% for patients aged 80 + year-old
[10]. A recent study showed also the promise of CIRT for locally
advanced NSCLC (stage II-III), with the 2-year LC and OS were
93.1%, and 51.9%, respectively [11].

The enhanced relative biological effectiveness (RBE) for tumor
eradication by high linear energy transfer (LET) particle beams
may be also accompanied with an increased risk for normal tissue
complications. The high radiosensitivity of the lung constitutes a
critical dose-limiting factor in radiation treatment of thoracic
tumors [12,13]. A variety of pulmonary reactions can be observed
after CIRT, e.g., radiographic lung damage, pleural reactions, pneu-
monitis or fibrosis [14,15]. This was also evident in preclinical
models after whole body irradiation with plateau level LETs
(�14.55 keV/lm) [16]. Studies by Hayashi et al. reported that lung
volume received a dose as low as 5 Gy (V5) was able to pre-
dict � grade 2 radiation pneumonitis (RP) in patients treated with
CIRT for locally advanced NSCLC [14]. The conception of RBE
allows the comparison of CIRT with conventional photon (X-ray)
irradiation at an iso-effective endpoint [17]. In order to improve
the clinical safety and effectiveness, a better understanding of
RBE for CIRT effects on normal tissue is an important area of
research [18,19].

The biological effects of high precision raster scanning particle
therapy with carbon-ions (12C-ions) in the lung are not well char-
acterized. Especially, considering that RBE for heavy ions depends
on a variety of physical (i.e., LETs, dose level) and biological (i.e.,
tissue types, different endpoints) properties [20]. No data are
available on RBE of clinical quality CIRT with respect to normal
lung tissue response in vivo. Current uncertainties in RBE values
for CIRT need to be addressed urgently by preclinical models
[21]. On the basis of our recently established non-invasive CT
based fibrosis index (FI) model [22], the present study aimed to
determine the RBE of fractionated carbon-ions in development
of late lung toxicity, within a clinically relevant fraction size of
1–6 Gy. The capacity and reliability of high-LET biologically effec-
tive dose (BED) model in prediction of RBE was further investi-
gated. This work was conducted in frame of German Research
Foundation (DFG) ‘‘clinical research group heavy ion therapy
(KFO-214)” in collaboration between the project TP5 and the cen-
tral platform (ZP1).
2. Materials and methods

2.1. Irradiation and animals

Female C57BL/6 mice (Charles River Breeding Laboratories, MA)
aged between 8 and 10 weeks were irradiated with carbon-ions or
photons beams in the region of the thorax. Particle irradiations
were performed at the Heidelberg Ion-Beam Therapy Center
(HIT). Carbon-ions (12C-ions) were applied at the spread-out Bragg
peak (SOBP, 252.400–270.550 MeV/u, the width of the
SOBP = 23 mm) with linear energy transfer (LET) = 70–157 keV/
mm (mean at 86 keV/mm) to the thorax of mice. The detailed setup
for particle irradiation is provided (Fig. 1). Briefly, ten anesthetized
mice were placed in a specially constructed Polymethylmethacry-
lat (PMMA) holder for immobilization and irradiated simultane-
ously. The particle dosing in lung was homogenous as verified by
the entrance and exit filmes (Kodak EDR2). There were two inde-
pendent irradiation arms: the five fractions (5-fx) arm of: 0, 1, 2,
3 and 4 Gy per fraction, for consecutive 5 days; the single fraction
(1-fx) of: 0, 10.5, 12.5, 14.5, 17.5 and 20 Gy. Each dose group con-
tained 12 randomly grouped mice.

The reference photon irradiation data was utilized from our
previous report [22]. In brief, each mouse received whole thoracic
X-ray irradiation delivered by a 6 MeV Artist Linac (Siemens,
Germany) at a dose rate of 3 Gy/min. Dosimetry was used to con-
firm the dose uniformity in advance. Prior to thoracic irradiation,
mice were anaesthetized by an intraperitoneal application of
0.36 ml/kg Rompun 2% (Bayer HealthCare) and 0.54 ml/kg keta-
mine 10% (Pfizer). The doses for photons irradiation arm were 0,
2, 4, 6, 7, 8.5 Gy per fraction for a total of 5 fractions. All animalwork
was approved and performed in compliance with rules outlined by
the local and governmental animal care committee instituted by
the German government (Regierungspraesidium, Karlsruhe).

2.2. Assessment of lung fibrosis by computed tomography (CT)

Lung fibrosis was measured by quantitative CT imaging at the
endpoint of 24 weeks post irradiation. The detailed parameters
for low-dose CT scanning has been reported previously [22]. CT
images were reconstructed and analyzed with Medical Imaging
Interaction Toolkit software (MITK, Heidelberg) and OsiriX Imaging
Software (OsiriX v.3.9.4, Switzerland). The three-dimensional (3D)
analysis of CT data as well as the differential diagnosis of combined
pulmonary fibrosis and emphysema syndrome (CPFE) was also
provided elsewhere [22]. In brief, the fibrosis index was employed
to assess the extent of fibrosis as the major endpoint. The FI model
is based on two critical parameters derived from CT segmented
data: the relative increase in mean lung density (DHU) and
decreased lung volume (DV) when compared to the mean of an
age-matched reference mice cohort. Biologically, the augmented
DHU is an overall representation of collagen deposition and
increased cellularity; whereas DV reflects the nature of fibrosis
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Fig. 1. The setup for precision mice thorax irradiation by high-LET carbon-ions irradiation. Mouse was immobilized in a specially designed polymethylmethacrylate (PMMA)
holder for whole thoracic irradiation. The beam field was shown as highlighted rectangle in yellow color. The delivered dose to the lung was at the spread-out Bragg peak
(SOBP) of carbon-ions as demonstrated by the experimental sketch. The homogenous and conformal particle dosing in the lung was verified by the entrance and exit films
with rare scattering doses. The back film (#2) also evidenced that the lung was entirely covered with carbon-ions independent of breath motions. The irradiated region was
eventually evidenced with white hair at the endpoint of 24 weeks, which was in consistent to the treatment plan.
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as a constrictive lung disease. The extent of fibrosis was deter-
mined quantitatively by a fibrosis index based on averaged quan-
tities of DHU and DV from the cohort as:

Fibrosis index FIð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DHU " � DV #

q
ð1Þ
2.3. Dose-response and RBE modeling

The dose-response relationship between fibrosis development
(fibrosis index) and irradiated doses were obtained based on FI-
model as previously reported [22]. In brief, both carbon ions and
photons irradiated arms were fitted by a modified probit model
derived from Kallman et al. [23] using OriginPro 8.0 and Mathe-
matica Software 9.0.

FIðDÞ ¼ 1
2
A 1� erf

ffiffiffiffi
p

p
c 1� D

ED50

� �� �� �
ð2Þ
where A is the saturation constant for maximal development of
fibrosis measured experimentally to be 7.20 (equal to 100% fibro-
sis), serving to quantize all FIs. c is the maximum value of the nor-
malized dose-response gradient. In this deterministic model, ED50 is
interpreted as the dose where the whole population experiences an
average 50% increase of the FI (FI = 3.60) relative to maximum pos-
sible effect (FI = 7.20).

Charged particle beams deposit intensified energy in a more
localized form compared to megavoltage X-rays. The biological
consequences of this are determined in terms of relative biological
effectiveness (RBE). RBE is defined as the ratio of absorbed dose of a
reference beam of photons to the absorbed dose of any other high-
LET radiation, resulting in an identical effect [17]. In present study,
the iso-effect is considered as the same level of fibrosis index
achieved by paired fractionated doses from photons (dL) versus
carbon-ions (dH) for RBE estimation (the subscripts L and H refer
to low- and high- LET radiations respectively).



Fig. 2. Dose-response curves for induction of pulmonary fibrosis surrogated by
fibrosis index (FI) after five fractions of carbon-ions (12C-ions) versus photons
irradiation. The sigmoidal relationships were plotted based on FI-model (for
5-fractionated carbon-ions: c = 0.67 ± 0.10, Adjusted R2 = 0.98, ED50 = 9.83 ± 0.56).
C-ions is shown as black squares and photons beam is in gray circles.
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2.4. RBE prediction by high-LET BED model

According to the linear-quadratic (LQ) model, radiation effect
(E) from low-LET radiation can be expressed as:

EL ¼ nL aLdL þ bLd
2
L

� �
ð3Þ

where nL is the number of fractions and dL is the fractionated dose.
In high-LET radiation the resultant biological effect (E) is dominated
by the linear term (a-coefficient of cell kill, aH) rather than the
quadratic compartment (bH) [24]. Thus the value bL might be con-
sidered as a negligible level (b-coefficient does not alter very much)
and the expression for EL becomes:

EH ¼ nHaHdH ð4Þ
To achieve iso-effective biological effects Eqs. (3) and (4) are

equated as:

nL aLdL þ bLd
2
L

� �
¼ nHaHdH ð5Þ

leading to:

dL ¼
�aL þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2
L � 4bLaHdH

q
2bL

ð6Þ

The maximized RBE (RBEmax) can be achieved at very low dose
level as [25]:

RBEmax ¼ aH

aL
ð7Þ

Giving the definition of RBE, using Eqs. (6) and (7) we have the
predicted RBE as:

RBE ¼ dL

dH
¼

� a
b

� �
L
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a
b

� �2

L
þ 4dHRBEmax

a
b

� �
L

r
2dH

ð8Þ

Provided that the low-LET a/b values for both single- and five-
fractions photons irradiation on normal lung tissue are calculated
[22], RBE may be therefore determined based on dH and RBEmax.

2.5. Fibrosis development and BEDH

An asymptotic minimum value of RBE (RBEmin) can be
approached at extremely high fractional doses [25]. Refer to this
dose range, the biological effect (E) for individual low- or high-
LET fractions is determined by the quadratic compartment (b-
coefficient alters with changing LET). Hence, for an iso-effect

between high-LET carbon-ions and low-LET photons, bHd
2
H and

bLd
2
L are considered to be equal. Herein, it gives rise to the RBEmin

as [26]:

RBEmin ¼ dL

dH
¼

ffiffiffiffiffiffi
bH

bL

s
ð9Þ

According to the conception of biologically effective dose (BED)
[27], we have:

BEDH ¼ nHdH
aH

aL
þ bLdH

aL

� �
ð10Þ

By substitutions from Eqs. (7) and (9) into Eq. (10), the BED for
high-LET radiation can be derived as [25]:

BEDH ¼ nHdH RBEmax þ RBE2
min

dH

a=bð ÞL

� �
ð11Þ

The fibrosis index was also simulated as a function of BEDH

doses by sigmoidal fitting as:
FI BEDHð Þ ¼ A1þ A2� A1

1þ 10 LOGx0�BEDHð Þp ð12Þ

where ED50 of BEDH doses (BEDED50) was derived as the parameter
LOGx0.

2.6. LQ modeling of fibrosis dose-response data

To estimating the radiosensitivity coefficients of fractionated
carbon ions, the FI data was transformed with the natural loga-
rithm (exp(-FI)) and fitted into the linear-quadratic (LQ) model
[28]. Briefly, the fibrosis index (FI) representing delta degree of
fibrosis vs. non-irradiated control lung and was inverted to repre-
sent the relative fraction of ‘‘healthy lung tissue” in analogy to the
survival fraction. The curves were generated by an exponential
function where the inverted fibrosis index (-FI) values were plotted
against ‘‘total dose” and fitted into the equation of LQ model as:

Inverse Fibrosis index ¼ e�n adþbd2ð Þ ð13Þ
where the ‘‘survival fraction” was replaced by ‘‘healthy lung tissue
fraction”. Lungs irradiated with 0 Gy C-ions or photons developed
no pulmonary fibrosis (FI = 0), corresponding to the coordinate (0,
0) in Fig. 2. Accordingly, in the context of LQ modeling, applying
natural logarithm of 0 results to 1 (exp(0) = 1). A coordinate at (0,
1) thus stands for no fibrosis was measured at the 0 Gy irradiated
lung. The Y-value (exp(-FI)) decreases corresponding to the loss of
functional lung tissue with dose-dependent induction of fibrosis
(X-value increase) with the exponential decay function of LQ model.
The reference photon data (1- and 5- fractions) was published in
our previous report as the basis for dose-response modeling of car-
bon ion effects [22]. All data in the present study is presented as
mean ± SD.
3. Result

3.1. Dose-response curves and fibrosis ED50

The dose-response curves of 5-fractionated carbon-ions versus
photons using FI-model is shown (Fig. 2). The radiation effect curve
of carbon-ions (c = 0.67 ± 0.1, Adj. r2 = 0.98) was clearly left-shifted
compared to photon fractionation. The fibrosis ED50 (effective dose



Fig. 4. The dose-response curve of biologically effective dose (BEDH) converted
from high-LET carbon-ions in development of pulmonary fibrosis (shown as black
squares). The dose-dependency of RBE with reference to increasing BEDH was also
revealed (shown as red circles). BEDH for carbon-ions resulting in half maximum
fibrosis (BEDED50) was estimated as 58.12 Gy; whereas RBE at this BEDED50 level was
estimated as 2.88.
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for 50% fibrosis or FI = 3.60) for fractionated carbon-ions was as
low as 9.83 ± 0.34 Gy, in comparison with the previously reported
27.7 ± 1.22 Gy for photons [22]. This indicated a substantial
enhancement of normal lung tissue radiosensitivity to carbon-ions.

3.2. Experimentally derived RBEs

To investigate the variation of RBE values with different
fractional carbon-ions dose, experimentally derived RBE was
estimated (Fig. 3). Within the clinically relevant dose range of
1–6 Gy per fraction (in total of 5–30 Gy), the RBE was determined
as 2.75 ± 0.55. Further, the estimated value of RBE at the ED50 level
was 2.82; whereas the RBE after 2 Gy fractionated dose was 2.80.

3.3. Comparison of RBE prediction based on High-LET BED model
versus experimental data

Predictions of RBE using derived equation from high-LET biolog-
ically effective dose (BED) model were also carried out (Fig. 3).
First, a/b ratio from single fraction photon reference irradiation
(a/bL = 4.49 [22]) was utilized for simulation of RBE based on the
High-LET BED model (Fig. 3, blue curve). The averaged RBE was
hence obtained as 2.94 ± 0.41. Next, an a/bL of 3.95 from five-
fraction photon irradiations [22] was employed (Fig. 3, green
curve) and the averaged RBE was determined as 2.81 ± 0.40.
Within the fractional dose range of 1–6 Gy the estimated RBE pro-
files by high-LET BED model correlated well with experimentally
obtained RBEs (Fig. 3, black curve). RBE simulations using 5-fx
specific a/bL were closer to the experimental RBE profiles, indicat-
ing that high-LET BED based RBE prediction is sensitive to precise
estimation of the a/bL value.

3.4. BEDH dose-response of fibrosis development

In order to study dosimetric dependency for fibrotic responses,
the fractionated carbon ion doses were converted to biologically
effective doses (BEDH) using a/bL of 3.95. The dose-response rela-
tionship between fibrosis development and BEDH is shown
(Fig. 4). The BED dose at ED50 (BEDED50) was identified to be
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Fig. 3. Comparison of high-LET BED based RBE simulations with experimental data.
RBE values derived by High-LET BED Model using a/bL = 3.95 from fractionated
photon irradiation (5-fx, green curve) correlated particularly well with experimen-
tal data (black curve) at dose range 1–6 Gy. Experimentally derived RBE is shown as
black squares, high-LET BED predicted RBE using a/bL from 1- and 5- fractionated
low-LET photons shown as blue circles and green triangles, respectively.
58.12 Gy3.95. On the other hand, the value of RBE tended to reduce
with BEDH. In accordance with previous results, an estimated RBE
of 2.88 was obtained at the BEDED50 level. The dependency of RBEs
on BEDH was also provided (Table 1).
3.5. Estimation of a-, b-coefficients from LQ model

To study carbon-ions dose and fractionation effects on the
normal lung tissue, fibrosis index data was further fitted into
linear-quadratic (LQ) model (Fig. 5). Substantial difference in lung
tissue radiosensitivity was demonstrated in 5-fractionated
carbon-ions in comparison to 5-fractionated photons. The esti-
mated values for 5-fraction carbon-ions were determined as of
aH = 0.3030 ± 0.0037 Gy�1 and bH = 0.0056 ± 0.0007 Gy�2.
4. Discussion

Carbon ion radiotherapy (CIRT) is an emerging treatment for
many malignancies [4,29]. Current clinical evidence indicates that
CIRT has possible advantages over state-of-the-art photon or pro-
ton therapy in radio-resistant tumors [4]. Nevertheless, the poten-
tial advantageous of the high relative biological effectiveness (RBE)
of CIRT to ablate tumors must be weighed against the potential risk
of increased late normal tissue damage [21]. The prescribed CIRT
dose to patients is converted from the photon physical dose by
using an RBE weighting factor leading to GyRBE or Gy Equivalent
dose estimates [30]. If RBE is inaccurately assigned to different tis-
sues and tumors, there will be an inevitable under- or over- dosage
to the patients [31]. Current uncertainties in RBE values for CIRT
need to be urgently addressed by comparing dose effects on nor-
mal tissues treated with particle beams versus photons. By integra-
tion into treatment planning algorithms, these in-vivo data driven
RBE can be further tested in prospective clinical trials and eventu-
ally facilitate precision CIRT [21].

Lung is widely considered as a dose-limiting normal tissue in
radiotherapy [12,32]. In particular, breath motions during the
treatment may expose normal tissue to the high-LET therapeutic
dose component. A better understanding of the effects of high-
LET radiation on this tissue type is therefore essential for the



Table 1
The dose-dependency of RBEs with reference to BEDH. Estimated RBEs from different methods, i.e., experimental derived, high-LET predictions based on a 1-fx a/bL = 4.49 Gy�1 or
5-fx a/bL = 3.95 Gy�1 or are listed.

BEDH Dose per fraction Total dose RBE

(Gy) (dH, Gy/fx) (D, Gy) Exp. derived a/bL = 3.95 Gy�1 a/bL = 4.49 Gy�1

25.50 1.00 5.00 4.26 3.70 3.86
33.19 1.25 6.25 3.67 3.43 3.59
41.38 1.50 7.50 3.28 3.22 3.37
50.12 1.75 8.75 3.01 3.05 3.19

59.38 2.00 10.00 2.80 2.90 3.04
69.17 2.25 11.25 2.63 2.78 2.91
79.48 2.50 12.50 2.50 2.67 2.80
90.31 2.75 13.75 2.40 2.57 2.70

101.68 3.00 15.00 2.31 2.48 2.61
113.58 3.25 16.25 2.23 2.41 2.53
126.00 3.50 17.50 2.17 2.33 2.46
138.93 3.75 18.75 2.11 2.27 2.39

152.40 4.00 20.00 2.07 2.21 2.33
166.38 4.25 21.25 2.02 2.16 2.27
181.03 4.50 22.50 1.99 2.11 2.22
196.12 4.75 23.75 1.95 2.06 2.17

211.94 5.00 25.00 1.92 2.02 2.13
227.97 5.26 26.30 1.89 1.98 2.08
246.14 5.53 27.65 1.86 1.93 2.04
263.05 5.77 28.85 1.84 1.90 2.00
280.04 6.01 30.05 1.82 1.87 1.97

Fig. 5. The linear-quadratic (LQ) views of five fractions of carbon-ions effect on
normal lung tissue compared to five-fractions photons as reported previously. The
negative natural logarithm transformed FI values are plotted against a function of
the total prescribed doses. The observed biological effects of carbon-ions differed
prominently from photons, indicating a significantly intensified role on normal lung
tissue. Five-fraction carbon-ions doses are shown as solid squares; the gray solid
circles for five fractionated photons as a reference. The reference photons 5-fraction
data were from the previous report [22] and therefore shown in in gray dash lines.
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optimized application of carbon ion in thoracic radiotherapy.
However, studies in lung RBE so far are based mainly on in vitro
assays of mammalian cell lines, with a focus on clonogenic survival
capacity or cell inactivation. RBE derived from those cellular
parameters should be used with caution for clinical endpoints,
since in vitro readouts may not fully represent the tissue response
and additional uncertainties may therefore occur [30]. To our
knowledge, the present study is among the first to determine
RBE of carbon-ions on the lung tissue in vivo. The biological fibrosis
endpoint fibrosis is of clinical interest and was obtained at the late
timepoint of 24 weeks following fractionated irradiation. It mim-
icked the inflammatory development and progressive tissue
remodeling as observed in patients with chronic normal tissue
response to radiotherapy. The investigated dose range in the pre-
sent study is also relevant to clinical routine with doses per frac-
tion in the range of 1–6 Gy.

The lung tissue tolerance is elevated when exposed to fraction-
ated megavoltage radiotherapy as evidenced preclinically e.g. by
our previous study [22] or clinically from a series of important
reports [33–37]. The radiobiological rationales behind this phe-
nomenon are well recognized as a substantial amount of dose
recovery (e.g., due to repair of sub-lethal damage and repopula-
tion) occurs during a protracted treatment period, such as photon
based treatments over 6–7 weeks [32]. However, the conditions for
high-LET radiation carbon ions are quite different due to the higher
radiosensitivity and reduced repair capacity, as well as the shorter
treatment times. Our data implies that the lung recovery capacity
to carbon-ions is remarkably lower and little to no normal tissue
sparing effects are found after fractionated doses. These findings,
at least to some extent, support the use of hypofractionated carbon
ion to non-small cell lung cancer (NSCLC) patients as administered
in NIRS [4,38,39] and HIT [40].

The precise prediction of RBE for carbon ion by a reliable biolog-
ical model is yet to be realized. The situation is complex since RBE
varies with LET, tissues type, dose per fraction, different endpoints,
etc. A direct comparison of RBE between experimentally derived
and high-LET BED model predicted values was performed in this
study. Our data reveal that high-LET BED model underestimates
the RBE effect at the very low dose range (<1 Gy per fraction). Good
prediction of RBE is found within the relevant dose range (1–6 Gy
per fraction). Using the 5-fraction specific a/b ratio, an estimated
RBE of 2.81 ± 0.40was found in an agreementwith the experimental
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readout (2.75 ± 0.55). While noticeable, the accuracy of high-LET
BED based RBE prediction tends to rely considerably on the
precise value of a/b ratio. Variations may occur if incorrect
allocation of ana/b ratio are used in the calculation. Instead of using
absorbed dose, it is of practical expediency to specify the carbon-ion
radiation tolerances of normal tissues [41], for example, in terms of
BEDs. For this purpose, the converted BEDH dose dependency of
fibrosis development was investigated in this study, indicating
a marginally smaller BEDED50 of 58.12 Gy compared to 61.63 Gy
from conventional photon irradiation [22]. To facilitate these
findings for further preclinical or clinical evaluation, all estimated
values of RBEs with reference to carbon-ion BEDH are provided
(Table 1).

Potential limitations have to be appreciated in the present
study. The modeling of RBE was based on the implementation of
non-invasive CT scanning and proposed fibrosis index algorithm.
A comprehensive scoring criterion integrating not only radiologic,
but also functional, histopathological and molecular assessments
to define a sophisticated tissue response may lead to a more accu-
rate and reliable RBE calculation. It is also of particular attention
that the organ interactions after concomitant irradiation of the
heart might reduce the tolerance of the lung to carbon-ions
[42,43]. The dose-fractionation schemes for both carbon-ions and
photon irradiation included in this study are limited. Uncertainties
may lie in the very low- and/or high- dose range for RBE estima-
tion. The prediction range and accuracy can be further improved
if more fractionated regimens are applied in the future studies.
Finally, investigations in different animal models varying in sensi-
tivity for development of fibrosis and most ideally comparison of
data driven RBE models with prospective clinical data would be
of high relevance.

With the increasing availability of heavy ion therapy for a
wide range of malignancies, the biological characterization of cel-
lular and tissue responses to carbon-ions and conventional pho-
ton irradiation is urgently needed [44–47]. The current study
utilized a well-established preclinical radiation induced lung
fibrosis model combined with a quantitative CT-based Fibrosis
Index (FI) as the endpoint for estimation of RBE. The averaged
RBE was determined experimentally as 2.75 ± 0.55, whereas the
RBEED50 was estimated at 2.82 within a clinically relevant fraction
size of 1–6 Gy. Taking the advantage of the high-LET BED concep-
tion, we proposed in present study a novel way to modeling RBE
by integrating RBEmax and a/bL (refer to Eq. (9)). Based on this
model, averaged RBE was predicted as 2.81 ± 0.40, which is in a
good agreement with experimental observations. The high-LET
BED model is evidenced to predict robustly the RBEs in the same
dose range. However, uncertainties in estimation of the a/bL
impacts the precision of high-LET BED based RBE prediction.
Together, our findings will contribute to the precise knowledge
of RBE as well as the fractionated dose effects of carbon ion ther-
apy on normal lung tissue.
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